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ABSTRACT
Optical absorption and electrical conductivity measurements o f solution- 
doped poly-3-octylthiophene (P30T) films were studied. Chloroform solutions 
of P30T were doped with the organic electron-acceptors, 2,3-dichloro-5,6- 
dicyano-l,4-benzoquinone (DDQ) and 7,7,8,8-tetracyanoquinodimethane 
(TCNQ); and with the inorganic electron acceptor, ferric chloride (FeCl3). 
Charge transfer was observed in P30T solutions doped with FeCl3 and DDQ. 
TCNQ-doped solutions showed no optical evidence of charge transfer. Thin 
films of the doped P30T were examined at various doping levels.
Spectroscopic and electrical conductivity measurements of P30T films, doped 
with DDQ, TCNQ, and FeCl3 at different doping levels, are presented.
Optical absorption measurements provided information on the degree of charge 
transfer occurring for the various dopants. Electrical conductivity 
measurements showed that the conductivity of P30T increased with the 
various dopants in the order o f TCNQ < DDQ < FeCl3, for the same dopant 
concentration level. Results are discussed in relation to the electrochemical 
properties of the prepared films and the structural properties o f P30T.
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CHAPTER 1
INTRODUCTION
1.1 Overview
The design and application of organic materials that exhibit novel 
electrical and spectroscopic properties continues to hold the interest of many 
scientists1-1 .^ The ability to design electrical and optical systems utilizing 
organic or metalloorganic materials opens up new horizons in the field of 
material science, specifically the ability to tune the property o f a material to 
the desired application. Within the arena of organic materials is a class of 
materials known as conjugated polymers. These polymeric materials are 
characterized by a conjugated 71-electron system that extends along the main
in m
carbon chain in the molecule ’ .
The study of this new class of organic materials came to the forefront 
of scientific research in 1977 with the report of the semiconducting properties 
of the conjugated polymer polyacytelene by Shirakawa and coworkers14.
They reported that the electrical conductivity of polyacetylene increased over 
10 orders o f magnitude when doped with electron acceptor or donor
1
2
ic |7
molecules " . Since this work there have been many extensive research 
efforts directed towards the theoretical design, chemical synthesis, physical 
characterization, and application of this class o f organic materials. Numerous 
other conjugated polymer systems have also been studied; they include 
polyanilines, polypyrroles, polythiophenes, and polyparaphenylene. Chemical 
structures of these conjugated polymers are shown in Figure 1. These 
materials have been studied for applications in optical and electrical areas such
as semiconductor devices (light-emitting diodes or LEDs18' 20), batteries21,22,
n  if* m  innonlinear optical materials , polymer-modified electrodes ,
nanowires and chemical sensors . The physical properties and
applications of conjugated polymers have been reviewed in numerous journal
articles40"46, books12,13,47' 49 and conference proceedings2,3.
A major obstacle to the implementation of conjugated polymers to real- 
world applications is the low solubility and thus low processability of most 
conjugated polymer systems. Poor environmental stability in air and in the 
presence of water vapor also limit the direct application of some conjugated 
polymer systems. Among these conjugated polymers, poly-3-alkylthiophenes 
(P3ATs) have attracted much attention because of their environmental stability 
in both the doped and undoped states and their excellent solubility in common 
organic solvents. Alkyl groups (butyl or longer), attached to the 3-position on 
the thiophene ring, result in enhanced solubility in common organic solvents
3such as chloroform, dichloromethane and tetrahydrofuran. The increased ease 
o f solution processing of this class of polymers will allow for simple 
incorporation o f these materials into electrical and optical devices. A recent 
review discusses the properties and applications o f polythiophenes including 
P3ATs50.
n ' '  /  -nN "  ' S '
H
Polyacetylene (trans) Polypyrrole Polythiophene
n
NH n
Polyparaphenylene Polyaniline
FIGURE 1 Chemical structures o f various conjugated polymers
Incorporation (or doping) of various organic or inorganic species into 
films of the conjugated polymer can result in changes in the electrical and 
optical properties of the polymer. The use of the term "doping" is derived 
from the chemistry of inorganic semiconductors. Even though the processes 
taking place are actually reduction-oxidation reactions, the scientific 
community has adopted the term "doping" to refer to these processes in
4conjugated polymer systems. Doping of conjugated polymers with compounds 
that are electron acceptors or electron donors can result in changes in the 
electrical and optical properties of the polymer system from charge-transfer 
processes that occur between the polymer and the dopant. The doping 
processes can be classified into two groups: n-type, which results in donation 
of electrons to the polymer (negatively-charged polymer), and p-type, which 
results in withdrawal of an electron from the polymer (positively-charged 
polymer). Conjugated polymers which are n-type doped are generally 
unstable, whereas conjugated polymers which are p-type doped are more 
stable; thus the p-type doping has been the most extensively studied process.
Since most conjugated polymers have low solubilities, the doping of the 
polymer is often accomplished in the solid-state by gas-phase, solution, melt, 
and electrochemical doping techniques. Some of the inorganic dopants studied 
to date are AsF"6, I"3 , C10"4 , BF‘4, Na+, and FeCl'4. Only limited data is 
available on conjugated polymers doped with organic electron acceptors. The 
work of Ohsawa et al. was accomplished by soaking the films of polyaniline in 
solutions of the organic acceptors51. This procedure allows limited control 
over the dopant concentration. Kang et al. examined the charge-transfer 
processes that occur in polyphenylacetylene when doped with inorganic and 
organic electron acceptors . These doped systems proved to have lower dark 
current conductivities compared to other doped conjugated polymers, although
doped polyphenylacetylene proved to be a good semiconducting 
photoconductor with photocurrent-to-dark current ratios in the range of 
1000:1 . Various groups have recently investigated photoinduced electron
transfer between poly-3-alkylthiophenes and Fullerenes (C60 , c 70)54’55. 
Holdcroft et al. have studied charge-transfer complexes between poly-3- 
alkylthiophenes and molecular oxygen5^. Oxygen can form weak charge- 
transfer complexes with the polythiophenes thus affecting their electrical and 
spectroscopic properties. Oxygen was also studied for its role in 
photodegradation of polyalkylthiophenes which includes photochemical 
reactions such as photobleaching, chain scission and cross-linking of the
57  5 R fvlpolymer . Recently, numerous groups have turned their attention to 
oligothiophenes (short-chain polymers) in order to study their properties under 
controlled polymerization. The physical properties and charge-transfer 
complexes of the oligothiophenes can then be studied and the results 
extrapolated to polythiophenes.
1.2 Objective
The objective of this study was to examine the use o f solution doping 
techniques to cast thin films of soluble P3ATs doped with organic electron 
acceptors and to observe the changes that occur in the electrical conductivity 
and optical absorption of the 111ms upon doping. The use o f solution doping
6procedures for film preparation may allow for simplified incorporation of these 
polymers into electronic and optical devices and the use o f organic dopants 
may provide a means to tune the electrical and optical properties o f the 
polymer films.
In this study, the use of soluble poly-3-octylthiophene (P30T) allows 
for the solution doping of the polymer with organic electron acceptors and also 
allows better control of the level of doping and hence the degree of charge 
transfer that occurs by varying the type and amount of dopant. The present 
study focuses on the organic charge-transfer (CT) processes that occur in the 
polymer film. The results of ultraviolet-visible-near-infrared (UV-Vis-NIR) 
absorbance spectroscopy and four-point-probe electrical conductivity studies of 
thin films of P30T solutions doped with 2,3-dichloro-5,6-dicyano-l,4- 
benzoquinone (DDQ), 7,7,8,8-tetracyanoquinodimethane (TCNQ), and ferric 
chloride (FeCl^), are reported and compared. Results of FeCl^-doped P30T 
films are compared to previously reported results64 and used as a standard 
system when examining the organic-doped P30T films. Possible charge 
transfer and electronic processes which explain the results are proposed and 
discussed.
In Chapter 2, the electronic, optical and charge-transfer properties of 
conjugated polymers are discussed, with emphasis on polythiophenes. The 
experimental procedures for film preparation and electrical and spectroscopic
7measurements are presented in Chapter 3. In Chapter 4, the experimental 
results are presented; and in Chapter 5, the conclusions are discussed. In 
Chapter 6, suggestions for future studies are presented.
CHAPTER 2
ELECTRONIC AND OPTICAL PROPERTIES OF 
CONJUGATED POLYMERS
2.1 Theoretical Overview
The dominant structural feature of conjugated polymers that results in 
the interesting electrical and optical properties is the alternating single and 
double bonds, or conjugated bonding, that runs along the length of the polymer 
chain. This feature is largely responsible for the electronic characteristics of 
the molecule. Some of the main physical properties that are defined by these 
conjugated bonds are: 1) the bandgap of the polymer (Eg); 2) the ionization 
potential (IP) and the electron affinity (EA) of the polymer, and 3) the energy 
width of the lowest unoccupied and the highest occupied electronic band.
The band gap, the energy difference between the top of the valence 
band (VB) and the bottom of the conduction band (CB), is the major indicator 
o f the electrical properties of the polymer. If the band gap is less than 2 eV, 
the polymer is considered a semiconductor, greater than 2 eV; an insulator. 
When the band gap is zero the polymer behaves as a metal. The ionization 
potential determines the reactivity of the polymer to electron acceptors which
8
9will tend to oxidize the polymer (p-type doping), and the electron affinity 
determines the reactivity towards electron donors which leads to reduction of 
the polymer (n-type doping). The difference between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) can provide insight into of the degree of electron delocalization on 
the polymer chain. It also provides a qualitative measure o f the mobility of 
the charge carriers in the polymer. These physical properties define the 
interesting and useful electrical and optical properties observed in conjugated 
polymers.
2.1.1 Quasi-One-Dimensional Conductors
The electronic states of conjugated polymers differ from those of 
crystalline semiconductors and metals. Semiconductors and metals have 
isotropic electrical and optical properties due to their isotropic crystal structure. 
In conjugated polymers, the electrical and optical properties are anisotropic 
due to the delocalization of electrons in the direction along the re-electron 
orbitals in the polymer chain and the relatively weak interactions that occur
zr c
between adjacent polymer chains in the transverse direction . Thus, these 
conjugated polymers can be thought of as quasi-one-dimensional systems that 
have the characteristics of anisotropic electrical conductivity, electron-phonon 
interaction and electron-electron (Coulomb) interaction. The quasi-one-
10
dimensional character of conjugated polymers is due to strong electronic 
interaction only along the chain, i.e., between adjacent lattice points. 
Introduction of a defect in the transport path of this one-dimensional system 
causes a localization of the electron in the lattice. In contrast, the two- or 
three-dimensional crystalline inorganic semiconductors or metals have 
numerous transport pathways available to them throughout the lattice and 
hence the localization of electrons does not occur.
2.1.2 Free Electron Gas
Quasi-one-dimensional molecular systems can be described using a 
model o f a free electron gas in one dimension and applying energy band 
theory to the model66. From the postulates of wave mechanics there arises a 
wavefiinction T ^ T ^ y ^ t )  that describes all the average dynamic properties of 
the system such as the probability o f existence, average position, average 
momentum and average energy67. This wavefiinction, 'F, can be determined 
by solving the three-dimensional time-dependent Schrodinger equation or wave 
equation (Equation 1),
( - — )V2Y+OT=rh—  (0
2m  d t
where fi = h!2n, h is Planck’s constant, m is the mass of the particle,
11
V2 = 52/3x2 + <92/3y2 + 32/<9z2, U  is the potential energy of the particle, 
and / = V - 1 .
For a free particle the potential energy is a constant and we can assume 
without loss o f generality that U -0. Thus the energy of a free electron, E , in 
one dimension can be represented by the time-independent Schrodinger 
equation:
The solution to Equation 2 is the free electron wavefunction which is given as:
where kx , the wave vector for the free electron in terms of the wavelength is 
given by:
The average momentum and the average electron kinetic energy can be 
obtained using Equation 2 and the corresponding quantum mechanical operator 
as:
(2 )
t^(x)=e'v (3)
<p>="hkx (5)
12
and
2m 2m
(6)
respectively. The average electron energy versus average momentum 
represents the band structure of the free electrons and is shown in Figure 2a.
For an electron confined to a given range (the traditional particle-in-a- 
box problem), 0<x<a, with an infinite potential outside the range, the solution 
to Equation 2 can be obtained as:
where n = ±1,±2,±3,... The electron assumes quantized energy values given by
with the momentum taking integer products given by:
a
The energy versus momentum relation for quantized energy levels is shown in 
Figure 2b.
mix (7)
a
(8)
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k
2k Zk0 K■71
a a a a a a 
2a 2b
Free electron Quantized electron
band structure band structure
FIGURE 2 Energy versus momentum relation for (a) free electron and 
(b) quantized electron
2.1.3 Band Theory
The quantized electron energy model can then be used to interpret the 
interaction of the electron with the periodic potential of the molecular lattice. 
When such interactions are included forbidden energy gaps result in the band 
structure due to Bragg reflection at k = ±mr/a. The energy discontinuities are 
due to the interference of reflected waves from adjacent atoms or sites in the 
lattice. The k-space between -7v/a and +ir/a is referred to as the first Brillouin
zn
zone with each n resulting in an additional Brillouin zone . A extended-zone 
representation of forbidden energy gaps and Brillouin zones is shown in Figure
3.
14
Forbidden 
Energy Gap
Forbidden 
Energy Gap
-2 71 —71
1 Zone 1 Zone 1 Brillouin Zon e1 Zone 1 Zone 1 
3 2 1 2 3
FIGURE 3 Energy band diagram showing extended-zone representation 
of forbidden energy levels and Brillouin zones
Allowed Band
Forbidden Band
Allowed Band
Forbidden Band
Allowed Band
—7C
FIGURE 4 Energy band diagram showing reduced-zone representation 
of allowed energy levels
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A more compact version is the reduced-zone representation as shown in Figure
4. This energy momentum representation is formed by folding the bands o f 
the higher energy levels into the first Brillouin zone. This allows a clearer 
representation of the allowed energy bands of the system. The energy band 
structures shown in Figures 3 and 4 can be used to explain the electronic and 
optical properties o f many material systems.
2.1.4 EJectron-Phonon and Electron-Electron Interactions
The above treatment does not consider electron-phonon (e-p) and 
electron-electron (e-e) interactions that occur in quasi-one-dimensional 71- 
electron systems such as conjugated polymers. Electron-phonon interactions 
are caused by the electrical polarization of the lattice due to the displacement 
o f charges in the lattice. Electric fields resulting from this polarization and the 
electrons interact. Thus the conduction electrons interact with the lattice 
through electron-phonon interaction69. Electron-phonon interactions result in 
the formation of polaron states . A polaron state is a result of an electron 
and the field strain on the lattice which results in an increase of the effective 
mass o f the electron due to the electrostatic push and pull due to the dipoles as 
the electron moves through the lattice. Electron-electron interactions are the 
result o f Coulombic electrostatic interaction (repulsion) between two electrons. 
These e-e interactions can include both short- and long-range Coulomb
16
interactions but the on-site (short-range) interaction tends to be the larger
interaction in conjugated polymers due to screening of long-range
interactions4^. Long-range interactions can however affect the excited state of
71the polymer due to the creation of excitons . Excitons are bound electron-
hole pairs held together by Coulomb forces. They are created by the
absorption of a photon that has slightly less energy than is needed to create a
free electron-hole pair and are evident in the fine structure o f the optical
79absorption spectra o f many solid-state materials .
Modeling of conjugated polymer systems is a many electron-problem 
that requires advanced methodologies that can provide insight into both the 
ground and excited states o f various systems. A number of models exist but 
not all take into account both e-p and e-e interactions. The Huckel (tight- 
binding approximation) and Su-Schrieffer-Heeger (SSH) models are 
independent electron models that deal primarily with the e-p interactions and 
neglect the Coulomb (e-e) interactions. These models can give a qualitative 
prediction of physical parameters such as lattice dimerization and 
inhomogeneous polaronic states but tend not to fare well when dealing with 
other properties such as excited electronic states. Other models such as the 
Hubbard model deal with strongly correlated electron systems and can be used 
to provide a good picture of electron-electron interactions in conjugated 
polymers.
The one-dimensional Peierls-Hubbard model takes into account both the 
interaction of the 71-electrons with the lattice (e-p interaction) and the 
interaction between the 71-electrons (e-e interaction). This model, unlike the 
models mentioned above, does not provide exact analytical solutions. It is 
useful for small systems but requires extensive numerical computations. It can 
also be used for approximations that result in only partial analytical solutions. 
A review of various models including the Peierls-Hubbard Hamiltonian, which 
contains both electron-electron and electron-phonon limits, can be found in 
Ref. 47.
2.1.5 Valence Effective Hamiltonian
One method that has been successfully applied in describing the ground
state electronic and optical properties of conjugated polymers is the valence
n'x nf\effective Hamiltonian (VEH) method . This quantum chemical calculation 
method provides one-electron energy levels of ab initio double zeta quality 
which is computationally less intensive than semiemperical techniques like the 
extended Hiickel method. In brief, the method starts with a short oligomer on 
which valence ab initio Hartree-Fock calculations are performed. This is done 
to optimize the geometry and to calculate the Hartree-Fock band structure o f 
the oligomer. The Hartree-Fock method is then applied to an effective single­
particle Hamiltonian which includes only the valence electrons. The
18
Hamiltonian does not contain any terms for Coulomb interactions but is a 
fairly simple method that allows for comparison of different oligomers with 
different chemical structures.
The VEH method has been used to calculate the ionization potentials, 
optical band gaps, and electrochemical oxidation and reduction potentials for a 
number o f conjugated polymers, providing good agreement with experimental 
results. Table 1 compares a number of electrical and optical values calculated 
using the VEH method with experimental data.
TABLE 1 Comparison of VEH results and experimental data for ionization 
potentials (IP), bandwidth of highest occupied band (BW), bandgap (E ), 
oxidation potentials and reduction potentials. Experimental data in bracxets [ ]. 
Taken from reference 12, pp. 859-913.
IP (ev) BW (eV) Eg (eV)
Oxidation 
Potential 
V vs. SCE
Reduction 
Potential 
V vs. SCE
Polyacetylene
(trans)
4.7 [4.7] 6.5 1.4 [1.8] 0.4 [0.2] -1.1 [-1.2]
Polypyrrole [4.0] N/A [3-2] -0.6 [-0.4] -3.6
Polythiophene 5.0 2.6 1.6 0.7 [0.6] -1.0
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2.2 Charge Carriers
The charge carriers and conduction mechanism involved in conjugated
polymers can be divided into two groups: polymers with degenerate ground
states and polymers with non-degenerate ground states. Trans-poly acetylene is
an example o f a conjugated polymer with a degenerate ground state, whereas
polythiophene is an example of a conjugated polymer with a non-degenerate
ground state. The charge storage and charge-carrier features of quasi-one-
dimensional conducting polymers that are responsible for the physical
properties can be explained as localized defects such as solitons, polarons and 
47 77 70bipolarons ’ . Solitons are ion radicals that have mobile charge and spin
and that are free to move along the polymer chain without being affected by 
lattice trapping or relaxation. Polarons are also ion radicals (cations) and are 
associated with elastic bond distortions and cannot move along the polymer 
chain without a exchange of energy. Bipolarons are the comparable dication
on
species . These features can be examined by looking at the electronic 
properties of trans-polyacetylene and polythiophene.
Solitons can be discussed by examining the ground-state of trans­
polyacetylene (t-PA ). In t-PA, the 7t-band is half-filled, which from one- 
electron theory with all carbon-carbon bonds of equal length, the 7t-band 
would be degenerate at the edge of the Brillouin zone and the polymer would 
exhibit metallic behavior. But due to the alternating lengths of the double and
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single bonds, geometric distortion results which, in turn, lowers the symmetry 
of the bandstructure with a creation of a forbidden energy gap. This results in 
the semiconducting behavior of these one-dimensional conjugated polymers as 
compared to the metallic state of 3-D crystalline systems.
The geometric distortion that occurs results in two isomeric structures 
along the t-PA chain which are separated by a defect state. These two 
isomeric structures have equal energy minima with respect to the bond length 
and are referred to as doubly degenerate. The transition between the two 
isomeric forms in t-PA chain requires energy to move from one isomeric 
structure to the other through the defect state (Figure 5).
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FIGURE 5 Ground state energy curve for a trans-polyacetylene chain 
with bond alteration and soliton defect
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This nonlinear excitation is referred to as a soliton. The effect of the soliton 
on the electronic structure of the polymer is the creation o f a electronic state 
near the middle of the bandgap which has an unpaired electron with spin XA  
and no charge (Figure 6), a neutral soliton (a radical). A positively charged 
soliton (cation) can be formed by the removal of an electron from the mid-gap 
state which results in a spin of 0. A negatively charged soliton (anion) is 
formed by the addition of an electron to the mid-gap state which also has a 
spin of 0. Thus t-PA has a degenerate ground state which has two equal 
potential minima with solitons as the main charge storage species.
I CB A...l
m
CB CB
T -H
VB VB VB
Neutral
Soliton
Positive
Soliton
Negative
Soliton
F IG U R E  6 Energy bandgap diagrams showing neutral, positive and 
negative solitons. Solid arrows represent electrons. Dashed arrows 
represent optical transitions.
In contrast, the major charge carriers in polythiophene are polarons and 
bipolarons. Polythiophene has two isomeric forms in the ground-state,
22
aromatic and quinoid (Figure 7) which are not energetically the same. The 
quinoid form has the higher energy of the two in the ground-state.
Bond Configuration
FIGURE 7 Ground state energy curve for the aromatic and quinoid 
forms of polythiophene
In doped inorganic semiconductors charge carriers are generated by the 
removal of an electron from the top of the valence band or the addition of an 
electron to the bottom of the conduction band. This process results in unfilled 
electronic bands and leads to an increase in the electrical conductivity. In 
organic systems the charge carriers result from spinless charge carriers as 
opposed to unpaired electrons in the inorganic semiconductors. In an ionized 
(one electron removed) conjugated polymer the charge is localized on the 
chain which is energetically preferred. This results in a local relaxation
t
A Q
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(distortion) on the chain occurring around the charge. This distortion of the 
lattice due to the charge is a result o f strong electron-phonon coupling. The 
distortion around the localized charge causes localized electronic states to 
appear in the bandgap due to a lowering of the LUMO and a shift up in the 
HOMO. The resulting localized electronic state is referred to as a polaron by 
solid-state physicists or as a radical ion with spin Vi by chemists (Figure 8).
The polymer has semiconductor electronic properties, not metallic, since the 
unpaired electron is localized in the bandgap with a completely full VB and a 
completely empty CB. Upon removal of a second electron from the ion, a 
bipolaron (spinless dication) with a pair of similar charges and strong lattice 
relaxation forms (Figure 8).
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FIGURE 8 Energy bandgap diagram showing neutral, polaron and 
bipolaron states. Solid arrow represents electron. Dashed arrows 
represent optical transitions.
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In polythiophene the major charge carrier is the bipolaron state since it is 
thermodynamically favored compared to the formation of two polarons. In 
polypyrrole charge carriers can exist as polarons as well as bipolarons due to 
the slow conversion of polarons into bipolarons.
2.3 Electronic and Optical Properties of Doped P30Ts
Chemical doping of the P30Ts with an electron acceptor molecule can 
result in the oxidation of the polymer which is a p-type process.
Polythiophenes have a nondegenerate electronic ground state which results in 
two structures for the polymer, aromatic and quinoid. These two structures are 
energetically different. The doping process creates polarons and bipolarons, 
which are the dominant charge carriers on the polymer chain. At low doping 
concentrations, the charge is stored as localized polarons. At high doping 
levels, polaron species are unstable and charge is stored primarily as the 
energetically stable bipolaron. It is the formation of these polaron and 
bipolaron states that result in the electrical and optical properties o f doped 
polythiophenes47,50,78,81.
With the creation of the bipolaron species, the electronic bandgap of the 
polymer has mid-gap states. The neutral P30T film has an interband 
absorption of about 2.5 eV (coj) which is a result of the 7t-7t* transition 
(Figure 8). Upon doping the two lower energy level transitions occur at 1.5
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eV (0)2 ” ) ar*d 0.5 eV (co^” ), corresponding to the mid-gap states of the 
bipolaron species as shown in Figure 8 . Increased doping results in an 
increase in the absorption at the lower energy level transitions, cc^”  and CO3 ” , 
with a decrease in the intensity of the interband absorption, C0 | ” . The 
increased doping also results in an increase in the energy of the neutral 
transition, coj, shown as the bipolaron transition, coj” , in Figure 8 .
P3ATs generally exhibit insulator-like behavior in the undoped state. 
Doping of the conjugated polymer with electron acceptors results in charge 
carriers, polarons and bipolarons, in the polymer’s 7t-electron system. The 
conjugated system provides a means of 71-electron delocalization along the 
polymer chain. This delocalization provides for an increase in the charge- 
carrier mobility and hence an increase in the electrical conductivity. The 
broad optical absorption bands at 0.5 eV and 1.5 eV in these doped polymers 
are due to the presence of the free charge carriers on the polymer chain. At 
high doping levels the polymer can exhibit conductivity characteristics similar 
to that o f the metallic state.
2.4 Charge-Transfer Complexes
Charge-transfer complexes are the result of the interaction between an 
electron donor (D) and an electron acceptor (A), which can be molecules, 
molecules-ions, atoms or atom-ions, that results in a transfer of an electron
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from the donor to the acceptor.
D+A=>D + + A " 0 ° )
Electron-transfer usually occurs from a filled molecular orbital o f the donor to 
an empty molecular orbital of the acceptor. The HOMO of the donor has a 
low ionization potential resulting from the loosely held electrons in the orbital. 
The acceptor, on the other hand, has a low lying LUMO that overlaps with the 
donor’s HOMO, facilitating the electron transfer*^.
The degree of charge-transfer (oxidation) of a conjugated polymer can 
be related to a CT interaction between the donor (polymer) and the acceptor 
(dopant). A close examination of the relationship employed in the design of 
organic metals with high conductivities and successfully applied to organic CT
04 or
pairs such as TTF-TCNQ ’ is presented below as it aids in the 
understanding of CT processes in doped conjugated polymers.
The binding energy of these charge-transfer complexes as a function of 
the degree of charge transfer, pCT, is related to the Madelung binding energy, 
Em, (electrostatic binding energy) and the difference between the ionization 
potential, IP, of the donor and the electron affinity o f the acceptor, EA, as:
( 1 1 )
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Since EM is constant for most organic systems, pCT depends predominantly on 
(IP - EA). The values for IP and EA are usually unavailable for organic 
molecules, but electrochemical half-wave potentials (Ej/2) can be used to 
provide a relative measure of the strength of the charge-transfer interaction 
between the donor and acceptor molecules. For different charge-transfer pairs 
with the same donor (constant IP) the electrochemical properties of the 
acceptors can be examined to gain insight into the degree of charge transfer 
that may occur. For a single-electron reduction process the measured 
reduction potential, Er e can provide an experimental estimate of the electron
OT
affinity (EA) o f the acceptor . Ered of compounds used for comparison of 
the results obtained from our experiments is presented in Table 2.
TABLE 2 Reduction Potentials of Dopants
Ered (Ref)
DDQ +0.51 V (83) vs. SCE in ACN
TCNQ +0.13 V (83) vs. SCE in ACN
FeCl3 +0.77 V (86) vs. SHE in HC1
DDQ and TCNQ reduction potentials were measured vs. the saturated calomel 
electrode (SCE) in acetonitrile (ACN) and the FeCl3 reduction potential was
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measured vs. the standard hydrogen electrode (SHE) in HC1, so they can not 
be compared directly but they can provide some relative measure o f difference 
in reduction potential and the degree of charge transfer that is expected.
With the knowledge of the electrochemical properties o f the system, one 
may predict the success of the CT doping process. The Ere(  ^o f most common 
electron acceptors are well known. The ability to define the electrochemical 
behavior o f P30T is much more difficult than with simple organic molecules. 
The oxidation potential o f P30T is less well defined due to difficulties in 
making electrochemical measurements o f the polymer. The electrochemical 
measurements depend on the solvent, the electrode substrate, the film thickness 
and the composition of the electrolyte. The interpretation of the 
electrochemical behavior is further complicated by the location and number o f 
charged species on the polymer and the variability of conductivity with 
doping. Table 1 lists the VEH calculated values for the ionization potential 
and oxidation potential for polythiophene.
In the case where the donor molecule is held constant (P30T), the 
ionization potential is constant. The degree of charge transfer can then be 
effected by changing the dopant molecule which dictates the electron affinity 
of the system. Thus the electrical and optical properties that are modified by 
charge-transfer interactions can be controlled.
CHAPTER 3
EXPERIMENTAL 
3.1 Overview
The objective of this research is to investigate the affects of organic 
charge-transfer complex dopants on the electrical and optical properties of 
poly-3-octylthiophene solid state films. DDQ and TCNQ were used as organic 
dopants. FeC^ was used as a control dopant since it has been studied as a 
dopant in films of P30T and was used as a comparison for the procedures 
developed and the results o f this work64. The doping process was carried out 
by solution doping of P30T and thin films were then prepared by spray 
coating the appropriate substrate. UV-Vis-NIR absorbance and four-point- 
probe conductivity measurements were made on the films. The following 
sections discuss the optical and electrical measurement techniques and the film 
preparation and measurement procedures in further detail.
3.1.1 Four-Point-Probe Conductivity
A common technique used for measuring semiconductor conductivity is
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the van der Pauw four-point-probe method. With the four-point-probe method 
two probes are used to apply a current to the sample and two probes are used 
to measure voltage. The four-point-probe method was originally used to 
measure the earth’s resistivity by Wenner in 1916 and was used in 1954 by
R7Valdes to measure resistivity in semiconductor wafers .
The four probes are usually positioned in a collinear arrangement. The 
two outer probes carry the applied current while the two inner probes are used 
to measure the resulting potential. The voltage is measured with a 
potentiometer which draws no current or a high impedance voltmeter which 
draws very little current. The collinear arrangement is the most commonly 
used, however arranging the probes in a square has the advantage of a smaller 
sample size and is more commonly used on square semiconductor samples.
Van der Pauw showed that the resistivity o f irregularly shaped flat samples can 
be measured without knowing the current path. The method is valid if the 
following conditions are met: 1) the contacts are located at the edge of the 
sample, 2) the contact area is infinitely small, 3) the sample has a 
homogeneous thickness throughout, and 4) the sample does not have any 
imperfections in the structure and forms a continuous contact. From this work 
van der Pauw showed that the resistivity of a symmetric sample such as a 
square or circle can be given as
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p=4.532((y) ( 12)
where t is the sample thickness and has the units of cm, V is the measured 
voltage across two contacts, I is the applied current across two contacts and 
4.532 is the correction factor which corrects for the sample geometry, contact 
size and placement, thickness effects and edge effects. Real samples have 
contacts with finite size that are not located exactly on the edge of the sample. 
These errors can be made negligible by using a clove-leaf design for the 
sample.
Thus the conductivity, a , of the sample which is the inverse o f the 
resistivity can be determined by knowing the film thickness and determining 
the voltage drop across the sample with an applied current using the following 
relation
1
4.532t ( j )
(13)
where a  has the units of S/cm.
3.1.2 UV-Vis-NIR Absorbance Spectroscopy
The energy levels of a semiconductive molecule can be examined using 
UV-Vis-NIR absorption spectroscopy. The bandgap absorption edge which is
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usually defined as the lower energy side o f the electronic absorption band, can
give insight into a system’s electrical characteristics. This optical absorption is
a result o f the photoexcitation of an electron from the valence band to the
conduction band due to the interaction of the electromagnetic field with the
fixed and mobile charges. Typically, systems with bandgaps greater than
approximately 2 eV are considered as insulators; those with bandgaps less than
2 eV can be considered to have semiconductor characteristics, and those with
bandgaps of 0 eV have metallic behavior. In an insulating system it is
generally accepted that the valence band is full, the conduction band is empty
and the energy bandgap is too large at room temperature to allow excitation of
electrons from the valence to the conduction band. Under doping conditions,
high temperatures or illumination with a high intensity source, the probability
increases for the excitation of the electron into the conduction band which
results in the production of free carriers either as electrons or holes. This has
the effect o f increasing the electrical conductivity and also shifting the
70bandgap to lower energy .
The appearance of absorption bands at lower energies upon doping of 
the polymer is a result of the creation of the midgap states formed in the 
bandgap of the polymer. These optical absorptions represent the polaron and 
bipolaron excitation species that are formed by the removal o f electrons from 
the polymer (Figure 8). The optical absorption bands are therefore
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representative of the creation of free charge carriers in the polymer. By 
examining the optical absorption spectrum of the polymer film in both the 
undoped and doped forms one can determine the degree of charge transfer 
(oxidation of the polymer) that has occurred between the dopant and the 
polymer, and can also determine if the polymer will be in a conductive state.
3.2 Chemicals
Poly-3-octylthiophene (P30T) was obtained from Polysciences, Inc. and 
used as received (P30T was prepared by oxidative coupling with FeCl3). 2,3- 
dichloro-5,6-dicyano-l,4-benzoquinone (DDQ), 98% (Aldrich Chemical Co.),
7,7,8,8-tetracyanoquinodimethane, (TCNQ), 98% (Aldrich Chemical Co.), and 
ferric chloride (FeCl-^bF^O), (Fisher Scientific Co.) were also used as 
received. Chloroform (Mallinckrodt, Inc.), acetone and acetonitrile (Burdick 
and Jackson) were of spectroscopic quality and used without further 
purification.
3.3 Film Preparation
Poly-3-octylthiophene solutions were prepared by dissolving the 
polymer in solutions o f chloroform. Typical concentrations were 5 x 10' 3 
mol/L of 3-octylthiophene monomer (0.001 g P30T/mL). The concentration 
of the polymer was kept below the overlap concentration of 0.014 g/mL. The
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overlap concentration is where the concentration of the polymer is high enough 
that the polymer chains start to interact. Below this concentration the polymer 
tends to be surrounded by solvent molecules which prevent interchain 
interactions. The molar concentration of the polymer solution was calculated 
using the weight o f the monomer. This was done to facilitate doping with the 
ratio: mole o f dopant/mole of monomer (i.e., one mole dopant/two moles 
monomer = 50% doping). Doping of the polymer solution was accomplished 
by dissolving the dopant in acetonitrile and then adding the dopant solution to 
the polymer solution. The mixture was then stirred for 60 seconds.
3.3.1 Electrode Preparation for Conductivity Measurements
Electrodes for electrical conductivity measurements were prepared using 
glass (soda lime) microscope slides (Baxter Healthcare Corp.) which had been 
cut into 6  mm X 6  mm squares (1.2 mm thick). The electrode squares were 
cleaned in a nitric acid bath, rinsed sequentially with deionized water, acetone, 
and chloroform. Tin-plated copper wires, 34 gauge, (Consolidated Electronic 
and Wire Co.) were attached to each corner using conductive carbon cement 
(Structure Probe Inc.). The diameter of the carbon contact typically averaged 
about 1 mm. The Cu-Sn wire was completely encapsulated in the carbon 
cement and thus was not exposed to the polymer film. Uncoated electrodes 
show no conductivity with the present measurement technique. The electrode
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was masked in a cloverleaf pattern to eliminate the error introduced by the 
non-ideal contacts made on the electrode. The electrode was spray coated 
using a thin-layer chromatography sprayer (Alltech Associates, Inc., Model 
14540) with nitrogen carrier gas. Approximately 5 mL of the polymer 
solution was sprayed on the electrode. This technique yielded films with good 
reproducibility. Higher doping levels tended to yield films with more cracks, 
especially when using FeCl^ as the dopant. The films were allowed to dry 
overnight in a darkened desiccator that was continuously purged with nitrogen. 
Film thickness measurements, made after conductivity measurements, were 
performed using a Sloan Dektak II surface profilometer. Film thicknesses 
were generally in the range of 1-3 pm.
3.3.2 Film Preparation for Spectroscopic Measurements
Films of the polymer solutions were spray-coated on pieces (1 cm X 1.5 
cm X 0.16 cm) of polished UV-grade fused silica (Dynasil Corporation of 
America). Approximately 1 mL of the polymer solution was sprayed on the 
fused silica pieces and the film was allowed to dry overnight as discussed in 
Section 3.3.1. Film thickness were approximately 100-300 nm.
3.4 Electrical Conductivity Measurements
The electrical conductivities of the polymer-coated electrodes were then
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measured using the standard four-point probe method. A Keithley Model 238 
Source-Measure Instrument was used to apply a current across the film and to 
simultaneously measure the voltage. The measurements were performed in the 
dark and at room temperature. Applied currents were scanned from 10 pA to 
10 mA, in steps o f 10 pA, to determine a steady-state current. A fixed current 
was applied across two diagonally located contacts, and the voltage drop was 
measured across the remaining two contacts. The conductivity (ct), was 
calculated using Equation 13.
3.5 Spectroscopic Absorbance Measurements
Absorbance measurements of the films were performed on a Perkin 
Elmer Lambda 9, double-beam, double-monochromator, UV-Vis-NIR 
spectrometer. The optical absorbance of each film was measured by 
transmission through the film and scanned from 4 eV to 0.3 eV (300 to 3200 
nm). The absorbance measurements of the polymer films were referenced to 
an uncoated piece of fused silica.
CHAPTER 4
RESULTS AND DISCUSSION
4.1 UV-Vis-NIR Absorbance Spectroscopy
The absorption spectra of P30T doped with FeC^ at various doping 
levels is shown in Figure 9. Visually, the films changed color from red for 
the undoped P30T film to purple for the 10% doped film to almost a blue- 
gray for the 100% doped film. These color changes correlate with Figure 9 in 
which the peak at 2.5 eV (505 nm-blue-green absorption) almost completely 
disappears with heavy doping. The bipolaron absorption bands at 1.5 eV and 
0.5 eV increase in intensity and the 2.5 eV band decreases in intensity with 
increasing dopant level. For 100% doping with FeCl3, the 2.5 eV band 
completely disappeared. The DDQ-doped P30T films showed a lesser degree 
of charge transfer compared to that of the FeCl^-doped films. The color of 
the films (which could be visually observed) varied with the doping level as in 
the case of FeC^; the color changed from red (0 % doping) to purple ( 1 0 0 % 
doping). The color change can be related to the absorption spectra shown for 
various DDQ doping levels in Figure 10 in which the 2.5 eV band decreases in
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FIGURE 9 UV-Vis-NIR absorption spectra of P30T films doped at 0%, 
10%, 25%, 50% and 100% (mole ratio) with FeCl3
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FIGURE 10 UV-Vis-NIR absorption spectra of P30T films doped at 
0%, 10%, 25%, 50% and 100% (mole ratio) with DDQ
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intensity and the 1.5 eV and 0.5 eV bands increase in intensity with the dopant 
concentration. The 2.5 eV band in Figure 10 does not completely disappear 
indicating a lower degree of charge transfer than that of the FeCl-^-doped film 
(Figure 9).
P30T : TCNQ
100%
50%
25%
10%
0%
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FIGURE 11 UV-Vis-NIR absorption spectra o f P30T films doped 0%, 
10%, 25%, 50% and 100% (mole ratio) with TCNQ
Finally, the color of the TCNQ-doped P30T film changes only slightly 
with doping level, from a bright red (0 % doping) to a dull red ( 1 0 0 % doping). 
The optical absorption spectra of P30T, doped at various levels with TCNQ, is 
shown in Figure 11. It is evident from Figure 11 that charge transfer is 
limited. The increased tailing at lower energies, observed in the 100%-doped 
film in Figure 11, may be the result of a small amount o f charge transfer but it
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may also result from the absorption by the TCNQ dimer that may form at high 
doping levels. This absorption from the dimer species is expected to mask any 
evidence of the increase in the intensity corresponding to the charge-transfer 
band at 1.5 eV.
4.2 Electrical Conductivity
A comparison of the electrical conductivity of P30T, doped at varying 
levels with FeCl3, DDQ and TCNQ, is shown in Figure 12 along with the 
results o f Heffner et a l .^  for P30T doped with FeCl3. The FeCl3-doped 
film consistently showed the highest conductivity, i.e., in the range of 3 S/cm 
for the 50% doped film. DDQ showed a value of 950 pS/cm at 50% doping 
and TCNQ a value of 180 nS/cm at 50% doping. This trend is consistent with 
the degree of charge transfer that is observed in the optical absorption 
measurements. The higher the degree of charge transfer, the higher the 
measured conductivity, due to the increase of free carriers. Conductivity 
increases with doping to a maximum level at about 30-40% doping. Beyond 
this doping level conductivity saturates. Similar behavior is observed for all 
three dopants. This can be explained, in part, by the saturation of dopant 
molecules along the polymer chain. The FeCl3 results of Heffner et al. are in 
good agreement with ours despite slightly different film preparation and 
conductivity measurement procedures.
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FIGURE 12 Electrical conductivity of P30T films doped with FeCl3, 
DDQ, TCNQ at 0%, 10%, 25%, 50% and 100% (mole ratios) levels.
X = comparison of experimental results o f Heffner et al.^ 4  for P30T 
films doped with FeCl3.
4.3 Discussion
The spectroscopic and electrical conductivity measurements of solution- 
doped P30T films with FeCl3, DDQ and TCNQ provide results consistent 
with the electrochemical data. The reduction potentials, presented in Table 2, 
predict that the order o f degree of charge transfer to be in the order: FeCl3 > 
DDQ > TCNQ which correlates well with the spectroscopic and electrical 
conductivity results as discussed in Sections 4.1 and 4.2.
The order o f the degree of charge-transfer that would be expected from 
the electrochemical reduction potentials can be seen by examining the results
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obtained in the UV-Vis-NIR absorption and electrical conductivity 
measurements. By examining the absorption spectra, P30T doped with 
various levels of FeCl3 shows a substantial increase in the populations o f the 
0.5 and 1.5 eV transitions, relative to the original bandgap at 2.5 eV, with 
almost no obvious absorption at the 2.5 eV transition at a doping level o f 
100%. In comparison, the DDQ-doped P30T film also shows increased 
absorption at 0.5 and 1.5 eV, relative to the 2.5 eV transition, but the 2.5 eV 
transition still shows substantial absorption. The TCNQ doped film, on the 
other hand, showed no major changes in the absorption at 2.5 eV indicating 
little, if  any, charge transfer occurring. The electrical conductivity data also 
supports this with the conductivity of the FeCl^ being the highest at all doping 
levels, DDQ showing lower conductivity, and TCNQ having little, if any, 
conductivity.
The charge-transfer between P30T and the acceptors DDQ and TCNQ 
can also be examined by looking at the structural geometry of the molecules. 
The transfer of an electron from the donor to the acceptor occurs when there is 
an overlap between molecular orbitals on the donor/acceptor pair. This 
overlap is primarily the overlap of the n orbitals on the conjugated polymer 
with the 7i orbitals on the quinone ring in a face-to-face type stacking. In 
crystal structure studies by x-ray diffraction of a bithiophene-TCNQ complex 
it was shown that the complex is stacked face-to-face in a one-dimensional
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column, with the ring of the TCNQ molecule lying over the bond between the 
two thiophene units in the bithiophene molecule, in a ’ ring-over-bond ’
O O
arrangement . The bithiophene molecule is planar with the sulfur atoms in 
the trans-position. In crystal studies of the 1:1 stoichiometric charge-transfer 
complex of a,cc’-dimethylquaterthiophene (DMQtT) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (TCNQF4 ), it was also shown that the 
DMQtT-TCNQF4  complex formed mixed stacks o f donor/acceptor units with a 
’ring-over-bond’ type overlap between DMQtT and TCNQF4 , with the overlap
c o
occurring with the end two thiophene units . In this study the molecular 
structure o f DMQtT in the neutral and doped forms was also compared. In 
both forms the sulfur atoms were located in the trans-position. In the neutral 
form all four rings were almost completely planar with the dihedral angle 
between outer rings and the inner rings being 3.49°. In the doped form the 
dihedral angle between the outer and inner thiophene rings was 10.34°. This 
twisting in the doped DMQtT molecule would tend to decrease planarity in the 
conjugated system and create steric hinderance to the TCNQF4  which would 
decrease the 7c - t c  overlap between the donor and acceptor and thus decrease 
the degree of charge-transfer between the donor/acceptor pairs. This steric 
hinderance may be minor in the oligothiophenes described above but may play 
a bigger role in the interactions of P3ATs and organic dopants.
The decrease in planarity in the oligomer would also affect the tt-
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delocalization along the backbone of the oligomer. It has been shown that the 
electrical and optical properties of conjugated polymers are influenced by the 
degree of the 7t-delocalization along the polymer chain. Increasing the length 
o f the thiophene oligomer affects the length of the u-delocalization in the 
polymer with a decrease in the optical bandgap89. The degree of planarity in 
the polymer affects the Ti-delocalization in the polymer and twisting between 
adjacent rings has been theoretically shown to result in an increase in the 
ionization potential and optical band gap of the polymer90. Thus, the ability 
to control the planarity of the 7t-orbitals along the conjugated polymer chain 
would result in better charge transport and electrical properties o f the polymer 
and provide increased charge transfer between the polymer and rc-electron 
acceptors such as DDQ and TCNQ.
The structure-property relationship in P3ATs has been addressed by a 
number of groups89,91' 93. Preparation of P3ATs by traditional 
electrochemical or oxidative coupling with ferric chloride results in a polymer 
with a mixture of configurational isomers throughout the chain. These 
structural isomers are referred to as head-to-head, head-to-tail and tail-to-tail 
and describe the position of adjacent alkyl groups to one another. A polymer 
that contains a mixture o f these isomers results in thiophene rings that are 
twisted due to steric hinderance caused by interactions between alkyl side 
groups. McCullough et al. have developed a synthetic method that results in
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«98% head-to-tail structural types throughout the polymer91  which minimizes 
the steric interactions of the alkyl side groups. Thin films of P3ATs prepared
by this method and doped with I2  vapor showed higher electrical
conductivities as compared to similarly doped films prepared by FeCl^ 
oxidation9^.
CHAPTER 5
CONCLUSIONS
The optical and electrical properties of solution-doped P30T films were 
measured. The polymer was doped with FeCl3, DDQ and TCNQ in 
chloroform solutions at various dopant levels and cast into thin films. The 
optical absorption spectra of the films showed varying degrees o f charge 
transfer among the dopants with the order given by: FeCl3 > DDQ > TCNQ, 
with TCNQ showing little, if  any, charge transfer. This was observed by the 
increase in the optical absorption at 1.5 eV and 0.5 eV which corresponds to 
bipolaron formation on the polymer chain during oxidation, with a decrease in 
the optical absorption at 2.5 eV corresponding to the bandgap of the undoped 
polymer. The optical absorption also shows increased bipolaron formation 
with increased dopant concentration. Electrical conductivity measurements of 
doped films also confirmed this electronic process with the films with the 
highest conductivity observed when doped with FeCl3, followed by DDQ, and 
TCNQ. These observations are consistent with the reduction potentials of the 
dopants.
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The results obtained demonstrate the potential to use simple solution 
doping techniques to prepare thin films of P3ATs. The doping of organic 
electron acceptors into P3ATs using solution doping was also realized. This 
preparation technique will facilitate the incorporation of these polymers into 
electrical and optical devices. The results demonstrate the ability to modify 
the electrical and optical properties of the polymer films by controlling type 
and amount o f the organic dopants that are incorporated into the polymer. The 
extent of the modification can be controlled by judicious choice of the 
electrochemical properties o f the dopant and the polymer. The properties of 
the films can be further controlled by using molecular engineering to prepare 
polymers with the electronic and structural properties that complement those of 
the dopant. By realizing control o f the characteristics of the polymer and 
dopants it will be possible to prepare materials with well-defined electrical and 
optical features.
CHAPTER 6
FUTURE STUDIES
The results presented in this work provide a framework on which to 
expand the present knowledge of conjugated polymer systems. As 
technological applications of these systems grow, a greater understanding of 
the physical properties and their interaction with external stimuli will be 
needed.
A direct continuation of this present work is to expand the work to 
other conjugated polymer systems and to other organic dopants. A number of 
research groups are working on the synthesis of conjugated polymers in order 
to modify the bandgap of the polymer95' 95*. When one can vary the electronic 
properties of the polymer one can then design a system around the dopants 
instead of choosing the dopant to meet the polymers properties. In addition, 
the ability to control the structure of the polymer to optimize the 
donor/acceptor interaction and the 7r-electron delocalization along the polymer 
chain will allow the design of well ordered solid-state systems with enhanced 
electrical and optical properties. The wide range of organic systems available
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and the ability to also modify their properties creates an enormous wealth of 
polymer/dopant combinations to be explored.
The effects of organic dopants on various other physical properties such 
as luminescence (photo- and electro-), luminescence lifetimes and the nonlinear 
optical properties of the polymers is also an area of potential interest. In these 
cases it is also the u-electrons that are responsible for the properties in the 
polymers. The perturbation of the 7t-electron system of the polymer by the 
organic electron acceptors or donors should have an effect on these properties. 
Also, the addition of electron density in the solid-state lattice from the 71- 
system of the dopants and the increased molecular orbitals available to interact, 
may result in interesting and useful changes in these physical properties.
The effect of the organic dopants on the charge-transfer and charge- 
transport and the effect on the electrical conductivity should also be 
considered. The charge-transfer with organic dopants has been explained as a 
oxidation-reduction process as discussed in sections 2.2 and 2.4. How does the 
degree of charge transfer (i.e., the difference between dopants with a high 
reduction potential and one with a low reduction potential) effect the stability 
o f the created charge? There may be conditions under which the charge- 
transfer relaxes and the electron is released from the dopant and allowed back 
into the 7t-orbital of the polymer. The charge transport may be affected in the 
same way. It is assumed that the charge carrier (i.e., a hole in an oxidized
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conjugated polymer) travels along the chain o f the polymer. There is evidence 
that there is interchain transport of the electrons. Does the addition of the 71- 
orbitals of the organic dopants provide additional pathways for the charge- 
transport, thus creating a true two- or three- dimensional conductor instead of 
the traditional quasi-one-dimensional system used to model these polymers? 
Various experiments such as Hall effect measurements may give some insight 
into the nature of charge-transfer and charge-transport in these systems.
To increase the understanding and help in the design of future systems 
continued theoretical modeling techniques should also be applied. The ability 
to provide theoretical values on a variety of oligomer and polymer systems, 
both in the undoped and doped state, will provide a foundation on which to 
base decisions for further directions.
As the understanding of and the ability to manipulate the physical 
properties of these conjugated polymer systems increases the application to 
technologically important areas will increase. A number of application areas 
are already being explored as discussed in Chapter 1; these will continue to be 
refined and other areas developed as the understanding of these systems grow.
It can be seen by the brief discussion above that the amount o f scientific 
activity that has occurred in the area of conjugated polymers over the past 
twenty years will continue and that the opportunities that are available for 
applied and basic research in these areas will continue to develop.
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